Introduction
Dimethyl ether (DME) has attracted growing production and application during the past few years for its wide utilization and environment-friendliness. It was widely used as an important chemical intermediate for dimethyl sulfate, high-value oxygenated compounds, and lower olefins [1] . More importantly, DME is also very promising as a new energy source, being available for various purposes [2, 3] . Since 1980s, much attention has been paid for the process of direct synthesis of DME from syngas (also called STD process) instead of via methanol (Eq.°1 and Eq.°2 in two separate reactors) for its dramatically economic values and theoretical significance [4] . Moreover, it has the potential to provide a simpler and more effective middle stage for coal, natural gas and biomass conversion to chemicals, combing to MTO, MTG and MTA [4, 5] . The overall reaction involved in the STD process is Eq.4 described as below [6] , thus the demand for a material to possess methanol synthesis and methanol dehydration functions. The CuZnAl-based material has been used successfully for several decades for the methanol synthesis, and the methanol dehydration has been performed on solid acid such as γ-Al 2 O 3 , HZSM-5, HY and its modifications. The hybrid material can be made by mechanically admixing the two components or by co-precipitation with CuZnAl oxides in a slurry of acidic components, followed by thermal treatment [7] [8] [9] [10] , and a complete liquid-phase method is also developed [11, 12] . Further modifications on both methanol synthesis material and dehydration material have been conducted by lots of researchers [13] [14] [15] . However, only a few material systems show high activity and high selectivity, and deactivation occurs to both methanol synthesis material and dehydration material.
In this contribution, we report our recent work on the synthesis of a hybrid material by co-precipitation with CuO-ZnO-Al 2 O 3 in the slurry of pseudo-boehmite. Experimental and analytical evaluation of its performance for the direct synthesis of DME from syngas were also showed in this paper.
Experimental
Preparation. The hybrid material was prepared in a typical synthesis procedure [8] , an aqueous solution of copper acetate monohydrate, zinc acetate dihydrate and aluminum nitrate (both Analytical Grade, Sinopharm Chemical Reagent Corporation, China) with a atomic ratio of Cu/Zn/Al = 6/3/1 was dropped with Na 2 CO 3 simultaneously at 70
°C and a constant pH of 7-7.5 into a slurry of pseudo-boehmite in a well-stirred thermo-stated container. The suspension was vigorously stirred and kept at that condition for 6 h. Afterward the precipitate was washed thoroughly with deionized water and dried at 120 °C for 12 h. After calcined at 400 °C in air for 4 h, a hybrid material was obtained. The mass ratio of CuO-ZnO-Al 2 O 3 to pseudo-boehmite was 2/1.
Characterization. The crysticalline phase of the materials was measured on Bruker D8 ADVANCE X-ray diffractometer (XRD) in the 2θ range from 10° to 90°, by using a Rigaku D/Max instrument employing Ni-filtered Cu Kα radiation at 40 kV and 40 mA. The combustion of the coke deposited on the catalyst has been carried out on a Micromeritics Autochem Ⅱ 2920 instrument by the Temperature-programmed Oxidation (TPO). 50mg of the catalyst was loaded in a U-shaped quartz cell to keep the particles firmly packed. After sweeping with helium (He) at 300°C for 1h, the temperature is cooled to 100°C. After that the temperature is increased to 600°C at a heating rate of 5°C /min, with the change to the mixture gas of 5%O 2 -95%He.
Performance studies. The as-prepared hybrid material was evaluated for its efficacy in STD process in a set of preliminary experiments conducted in a fixed bed reactor operating at 4.0 MPa and 220-260 ºC. The cylindrical fixed bed reactor was made of stainless steel with an internal diameter of 10 mm and was packed with 4 ml of the pellet-form (40-60 mesh) material. Prior to experiments, the material was reduced by using a 5 vol % H 2 /N 2 flow at 270 °C for 6 h under atmospheric pressure. The mixed gas of H 2 , CO, CO 2 with the molar radio of 1.0/1.0/0.08 was selected as a model for syngas. The effluent products were analyzed by an on-line gas chromatograph (Agilent 6890).
Results and Discussion
The performance of the hybrid material evaluated at different temperatures were illustrated at table 1. It was obvious that the CO conversion and DME yield in the products were increased with the increased temperature in the range of 240-260℃, indicating that it was out of the thermodynamic restriction of the exothermal reaction. In particular, the CO conversion at 240°C and 260°C was 52 % and 74% higher than 46% and 58% under reaction equilibrium of methanol synthesis, meanwhile there was only a small amount of methanol (<0.43%) and hydrocarbons (<0.07%) detected, which can be attributed to the moderate acidity of dehydration component to achieve the synergistic effect between the two components. This suggested that the hybrid material could effectively attenuate the coke formation and detrimental interaction problems associated with the conventional hybrid material.
Noting that the CO 2 was the main side-product (30%), it can be inferred that the water gas shift (WGS) reaction (Eq.°3) in the STD process was accelerated by the produced water in the Eq.°2. And it is necessary to keep the water concentration low, so as to enhance the rate of dehydration of methanol, given that the water being absorbed on the acid sites could compete with the reactants, as has been proven in the transformation of methanol into paraffins [16] . And this is also in accordance with simulation results that achieving a strong synergy between methanol synthesis and dehydration reactions requires efficient water removal via the WGS reaction [17] . It was also found that the conversion of CO and the selectivity of DME were gradually increased during the first 4 hours. Interestingly, this induced period appeared at different reaction temperatures besides the CO conversion and DME selectivity improved along with the reaction temperature increasing (see Fig.°1 ). According to the report of Ereña et al [18] , the induced period was a characteristic of the metallic functions for its oxidation-reduction equilibrium, and it varied depending on specific variables, such as the variation of operating conditions, the composition and pretreatment of the material. It seems that the interaction between methanol synthesis component and solid acid occurred, and the active sites can reach different stable states at various temperatures, owing to the reversible transformation between AlOOH and Al 2 O 3 under the reaction conditions [19] .
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As shown in Fig.°2 , XRD analyses were conducted for the fresh and spent (for 150 h) hybrid material. Peaks of CuO, ZnO and Al 2 O 3 (JCPDS 78-1588, 80-0074, 04-0879) were observed in the fresh material but with weak intensity, indicating that most of the power was amorphous or highly dispersed. It was noteworthy that the Al 2 O 3 was more dispersed after run for 150 h reaction for its peaks disappearance, as well as the Cu 0 diffraction peaks at 43.3 °, 50.3 °, 74 ° was observed rather than CuO, suggesting the occurrence of the phase transformation of CuO during the reactions. Although there was no evidence for the presence of Cu + , it could not exclude the possibility that the the acitive sites was not only Cu 0 but also Cu + and the rearrangement between them during the induced period, as in the reports [10, 15] . Meanwhile, the absence of peaks corresponding to graphite carbon, which could cause the irreversible deactivation of the material, between 25° and 30° on the spent material revealed that it is hidered by the low reaction temperature, high H 2 concentration and the presence of water in the reaction medium [20] .
The profiles for the TPO of carbon deposited on the fresh material and spent (for 150 h) material were shown in Fig.°3 . It was found that a relative bigger asymmetric peak at about 190℃ and a small broad peak at 210℃-450℃ exhibited in the spent material, indicating that most of the coke formed on the catalyst was easy to burn at low temperatures and was rather complex in nature, we proposed that the major components of them are paraffins which could be eliminated and remained a balance under the reaction conditions, instead of polycyclo-arene heavy molecules that would cause the irreversible deactivation of the catalyst.
Summary
Given the above observations, it is considered that the CuZnAl-based hybrid material made in this work posses high activity and stability for the direct synthesis of DME from syngas, and warrants further investigations on the nature of the active sites and the interactions between the active components, as well as the structural and surface properties of the material. 
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